We study the enzymatic hydrolysis of lactose by a commercial enzyme from a selected strain of Kluyveromyces fragilis. The variables analyzed were: temperature (25-40 • C), enzyme concentration (0.1-3.0 g l −1 ), lactose concentration (0.0278-0.208 M), and initial galactose concentration (0.0347 M). On the basis of the data analyzed, both published and in the present work, we propose a Michaelis-Menten kinetic model with inhibition by the product (galactose), which reveals that the substrate (lactose) and the product (galactose) present similar affinity for the active site of the enzyme.
Introduction
Enzymatic hydrolysis of lactose is one of the most important biotechnological processes in the food industry because of the potentially beneficial effects on the assimilation of foods containing lactose, as well as the possible technological and environmental advantages of industrial application, including:
1. Elimination of lactose intolerance (3-70% depending on the populational group [1] ), encouraging the utilization of lactose as an energy source, as well as calcium and magnesium assimilation from milk. 2. Formation of galacto-oligosaccharides during lactose hydrolysis to favor the growth of intestinal bacterial microflora. The presence of these compounds is considered desirable in foods [2, 3] . 3. Improvement in the technological and sensorial characteristics of foods containing hydrolyzed lactose from milk or whey [4] [5] [6] [7] such as: increased solubility (avoidance of lactose crystallization and the grainy aspect of ice creams and condensed or powdered products); greater sweetening power and thus lower caloric content of the products (glucose and galactose monosaccharides have greater sweetening power than does lactose); formation of monosaccharides, which are easier to ferment in cer-
The commercial enzymes used for lactose hydrolysis are ␤-galactosidases of diverse origins [5, 6, 10] . Yeast and fungal enzymes have the greatest commercial interest. Many studies have been made with ␤-galactosidases obtained from Escherichia coli, although their use is not viable for products intended for human consumption [11] [12] [13] [14] [15] .
The optimal operating conditions are described in Table 1 . Fungal enzymes are usually used to hydrolyze lactose from products with acidic pH values, such as whey. Yeast enzymes are habitually used for products with neutral pH values [16] such as milk and sweet whey.
The mechanism of enzymatic hydrolysis of lactose by ␤-galactosidase applied to different substrates (lactose solutions, whey and skim-milk) under different experimental conditions has been studied by several authors. Table 2 presents the kinetic models proposed by different researchers, showing that most propose a Michaelis-Menten kinetic model, with competitive inhibition by galactose. However, there is great dispersion of the values of the kinetic constants proposed (see Table 3 ).
The present work provides a survey of the models proposed by different authors, presents an experimental study of enzymatic hydrolysis in a stirred tank with ␤-galactosidase 
Materials and methods
The chemical products used (PRS quality) are glucose, citric acid, K 2 HPO 4 , KCl, trichloroacetic acid (supplied [24] Di-, tri-and tetra-saccharides formation [34] by Panreac), MgCl 2 ·6H 2 O (Prolabo), monohydrate lactose (Scharlau), and galactose (Across).
The enzyme used was a commercial ␤-galactosidase, lactozym 3000L HP-G [EC.3.2.1.23], which has a protein content of 35 g l −1 , supplied by Novo Nordisk, derived from a selected strain of the yeast K. fragilis, ρ = 1.2 g ml −1 , with a declared activity of 3000 LAU ml −1 (1 LAU = commercial enzyme which can obtain 1 mol glucose min −1 in standard conditions: 4.7% lactose concentration, pH 6.5, 30 • C, 30 min, standard milky buffer [4] ). This enzyme satisfies the specifications recommended for food enzymes.
The glucose was analyzed applying the GOD-Perid method proposed by Werner et al. [36] using a commercial reagent (Böehringer Mannheim Gmbh). The galactose and lactose present in the medium had no influence on the glucose determination.
As the reaction medium, lactose solutions were prepared on a buffer of 0.01 M K 2 HPO 4 , 0.015 M KCl, and 0.012 M MgCl 2 ·6H 2 O at pH 6.75 adjusted with citric acid.
The enzymatic activity was measured in test tubes at 30 • C in the following way: 1 ml of 50 g l −1 monohydrate lactose solution prepared on the buffer indicated was added to 1 ml of 10 g l −1 enzyme solution prepared on the same buffer. The test tube was incubated at 30 • C for 10 min, after which 1 ml was extracted. The reaction was stopped by mixing with 1 ml of 0.1N trichloroacetic acid. Afterwards, the glucose concentration was measured by the GOD-Perid method. The enzymatic activity remained constant for the entire period of use.
The enzymatic reaction took place in a 200 ml stirred tank reactor with pH and temperature controls. For a maximum period of 2 h, samples were extracted from the reactor. The enzyme was denatured with 0.1N trichloroacetic acid and the glucose concentration was measured by the GOD-Perid method. The variables tested are shown in Table 4 . Table 3 Kinetic constants proposed by different authors for the enzymatic hydrolysis of lactose
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Results and discussion

Kinetic model of enzymatic hydrolysis with competitive inhibition of galactose
The widely accepted kinetic model to explain enzymatic lactose hydrolysis is competitive inhibition by the product (galactose):
The lactose, galactose, and glucose concentrations were defined as a function of the conversion:
considering the concentrations of the enzymatic complexes EL and EGa to be negligible.
The variation in the glucose concentration over time can be defined as:
Separating variables and integrating, we would arrive at an expression of the following type:
where:
In the case that the enzymatic deactivation does not occur in the hydrolysis process, the active enzyme concentration would remain constant throughout the experimental period, giving e = e 0 , and thus:
an expression that enables the fit of the experimental data by a linear regression according to:
an expression previously proposed by several authors [27] .
As an example, Fig. 1 shows the linearization of the experimental results at 30 • C, applying Eq. (11) . All the experiments performed at the same substrate concentration and different enzyme concentrations were aligned, indicating that, during the reaction period and under the experimental conditions, no enzymatic denaturing occurred (Fig. 1) . Similarly, in the experiments in which the sum of the initial molar concentrations of galactose and lactose were the same, the data were fitted to the same line (experiment made with 0.0347 M initial galactose concentration). Nevertheless, the kinetic constants resulting from the application of Eq. (11) did not lead to completely satisfactory results, prompting us to reconsider the kinetic model proposed. The result is due to the fact that the fitting used, Eq. (11), is not appropriate to The literature reveals the dispersion of the kinetic constants values K M and K I proposed by different authors who have applied a similar kinetic model (Table 3 and Fig. 2 ). According to our review, regardless of the enzyme origin, the value proposed for K M may be more or less than the K I value, contradicting reports [5, 6] that galactose inhibition is stronger in fungal enzymes than in yeast or bacterial enzymes.
The influence of the fit used, Eq. (11), disappears when the kinetic parameters are calculated by non-linear regression non-linear regression [9] have very similar slopes for both constants.
Kinetic model under the assumption K M = K I
The above explanations lead us to assume that K M = K I , implying that the enzyme has almost the same Table 5 Kinetic constants of lactose hydrolysis calculated applying Eq. (12)
168 ± 2 6 0 ± 10 30 227 ± 1 7 0 ± 6 40 415 ± 5 100 ± 10 affinity for the substrate (lactose) as for the reaction product (galactose). The simplification proposed in Eq. (11) leads to Eq. (12):
The good fit of all the experimental data according to Eq. (12), as well as the fit of the kinetic constants k and K M to the Arrhenius and Van't Hoff equations, respectively, verifies that the assumption made is correct. For example, Table 6 Kinetic parameters calculated in this work and proposed by other authors for the enzymatic hydrolysis of lactose the results at 40 • C are shown in Fig. 6 , where, as indicated by Eq. (12) , the ordinate at the origin is 0. Eq. (12) implies a first-order kinetic model, as indicated by some authors, although the pseudo-first-order kinetic constant would depend on S 0 . This result suggests that the kinetic reaction is determined by the break down of the enzyme-substrate complex. That is, the limiting step is (2) , implying that the Michaelis constant represents the dissociation constant of the enzyme-substrate complex and that the lactose is bonded to the enzyme by the galactosyl group [3, 37, 38] . Only in this way it can be explained in a simple way that K M and K I values are similar. Table 5 lists the values of the kinetic constants calculated by non-linear regression from the fit of the experimental data to Eq. (12) . The activation energy, enthalpy of formation and pre-exponential factor values in this and other works are shown in Table 6 .
The activation energies proposed by almost all authors for the kinetic constant k is similar to the value calculated in the present work.
The enthalpy of formation values for the constant K M and K I are very close for all the authors reviewed. In fact, one author shows the enthalpy of formation for K M to be higher than for K I in one work [9] , but lower in another work [31] , though this difference could derive from the immobilization of the enzyme.
In Fig. 7 , it is shown the results on applying the model and simplification proposed, revealing a close fit.
Conclusions
The conclusions of the present study can be summarized as follows:
• The kinetic mechanism of lactose hydrolysis by the enzyme ␤-galactosidase responds to a model of inhibition by the product (galactose).
• It has been verified that the enzyme has similar affinity both for the substrate (lactose) and for the product (galactose) because both compounds are capable of occupying the active site of the enzyme with equal probability, so that the constants that govern the equilibrium semi-reactions have equal value. • A simplified model has been proposed, in which the constants K M and K I are equal and the reaction rate can be calculated by the equation:
• Kinetic constants have been formulated for the enzymatic hydrolysis of lactose according to temperature, which can be calculated from the following equations: k = 2.71 × 10 7 exp − 11200 RT K M = 1.44 × 10 2 exp − 5920 RT
